A simple model is developed, to derive the surface temperature profile for a bare soil from a single near surface observation. It is shown that a number of commonly used theoretical modeling approaches do not work well when extreme variations in temperature occur near the surface. The reason for this is that these approaches do not properly characterize the near-surface heat that results from the incoming solar energy. The new model is developed and validated with two independent data sets from different soils and under a range of meteorological conditions. Many experimental and operational soil temperature data sets have been compiled at a variety of spatial and temporal scales. However, a major problem with these datasets, is that the observations are typically not measured at the same depth. The proposed modeling approach can help unify these datasets by expressing these measurements at a common depth. This work may contribute to many different types of global environmental monitoring research and activities. 
INTRODUCTION
Surface temperature is an important parameter for many research applications that encompass the air-soil interface, but unlike other environmental parameters such as air temperature and precipitation, soil temperature is rarely measured on a regular basis at meteorological and climate stations. Most historical soil temperature data bases have been compiled from various field experiments, and as a result, these data are usually limited in both duration and spatial coverage. Furthermore, the depth at which soil temperature is measured typically varies according to the specific application for which the measurement campaign was designed. Soil temperature profiles frequently exhibit steep gradients, which may be especially steep near the surface. Because of the inherent differences associated with different observational data sets, it is often difficult to make direct comparisons between them, and as a result, the direct application of these data to other research activities is not always straightforward. For example, many energy balance applications have a distinct requirement for surface temperature, such as in the calculation of latent and sensible heat fluxes. However, surface temperature is difficult to measure on a sustained basis with embedded monitoring devices such as thermistors. The shallowest depth at which the temperature is measured typically varies between 0 and 5 centimeters. However, near-surface measurements (< 1 cm) are often cormpted because the precise depth of the emplaced measuring device is difficult to maintain, usually due to weather-19 related disturbances. 20 Several used electrical modeling to predict temperature and heat flow at one depth from solar radiation.
However, it has been observed, that these models tend to break down under certain environmental conditions, especially during midday periods, when incoming radiation is at a peak. The standard solutions to the heat flow equations are firequently unable to describe the temperature fluctuations to an acceptable accuracy, especially when either the input observation or the calculated value is at or near the surface. The near-surface energy balance is not well described in the model, causing significant systematic errors in the temperature calculations.
A physically-based model that can calculate relatively accurate near-surface soil temperature profiles from a single observation can be an extremely useful tool for the reasons mentioned above. In addition, Earth Observation Systems (e.g. AquafTerra MODIS, ENVISAT, ASTER, Landsat TM) provide spatially distributed land surface temperature products. Reliable temperature profiles derived from this model in combination with these satellite products may be an important contribution to global energy and water balance studies.
This paper proposes an approach to model near-surface soil temperature profiles in a bare soil, using only a single temperature measurement, net radiation, and an estimate of the soil 1 moisture content. Two experimental datasets with near-surface temperature measurements within 2 the first centimeter of the soil were studied in the development of this model.
BACKGROUND
Many soil temperature profile numerical modeling approaches are based on the solutions to the heat flow equations developed by Van Wijk and De Vries [1963] . These equations can be summarized by starting with the basic energy balance at the land surface. The steady-state heat balance equation is given by:
where H is the sensible heat flux, LE is the latent heat flux, and G is the soil heat flux or the vertical transport of heat in the soil column. All components are given in w/m2. At the air-soil interface of a bare surface, the soil heat flux may be considered equal to the net radiation. As the energy moves downward into the soil, it is fkther redistributed and some is converted to latent 14 and sensible heat. At a certain depth below the surface the sensible and latent heat flux become 15 zero, and the total energy flux in the soil becomes equal to the soil heat flux (see Figure 1 ). It is 16 reasonable to assunie that the latent and sensible heat fluxes are negligible below a depth of 5 17 cm. Below this depth, the change in temperature 6T (K) over a given interval 6z (m) is then 18 governed only by heat conduction. The soil heat flux can be described according to Fourier's
Law
21 where h (w~-'K-') is the soil thermal conductivity and z is the depth (m). The diurnal and 22 seasonal variations in soil temperature may be described by sine waves, varying around an 23 average temperature, T, (K). T, is considered constant with depth, due to the assumption of heat conservation. Theoretically, this is true over the long term. However, it is not true in the short term, for the same reason that the soil heat flux does not always equal zero over a 24 hour period.
If this were true, the soil temperature would not change over the course of season.
Under ideal conditions, the amplitude of the temperature wave is at a maximum at the soil surface and decreases with depth. The maximum temperature also occurs shortly after solar noon at the surface, but lags in time with increasing depth. Based on these assumptions, the solution to the heat flow equations for the diurnal cycle is given as [Van Wgk and De Vries, 19631
where A (K) is the amplitude of the daily surface temperature fluctuations, t(s) is the time, z is the depth (m) (positive downwards), and cp is a phase constant. The damping depth, D (m), is the depth at which the amplitude of surface temperature oscillations is reduced by 6'. The thermal diffusivity, K (m2/s), is assumed to be constant with depth, o (s-l) is the angular frequency, and z (s) is the period of the wave. The same approach can be applied to the seasonal temperature cycle in the soil, but for shallow depths (z<lOcm) the seasonal oscillations are insignificant compared to the diurnal oscillations.
FIELD OBSERVATIONS
Soil temperature, soil moisture, ground heat flux, and radiation measurements from two experimental field studies were used in this study. The first data set is from the U. The temperature at depth zl can then be modeled by correcting the GTD(zo,k) for the exponential change in amplitude
Because of the phase shift of the diurnal temperature cycle between two depths, this model does not calculate the temperature for the same time, by as the initial observation. The time, tl, is subsequently given by
This means that tl is earlier than to if zl < zo, and later if zl > zo. However, if the temporal resolution of the measurements is at least one hour, then the calculated temperature can be interpolated accurately at the original observation time.
The damping depth, D(b), is calculated according to Equation 4. The diffusivity, K, is . Ideally, water content should be available at several depths within the first 14 centimeters, so that the soil moisture profile is sufficiently represented. When soil moisture 15 profile data is lacking, it is somewhat important that the average soil moisture is reasonably 16 approximated. In this study, the observed soil moisture profile was used to calculate the 17 difhsivity for each layer with temperature measurements.
19 4.2 Model A Results

20
The Phoenix data set has a relatively dense vertical network of moisture and temperature 21 measurements in the surface profile, and is used to test Model A. Model simulations were 22 performed for 0100 hours and 1300 hours, as these time periods represent two widely differing 23 conditions; a relatively uniform temperature profile and a warming profile during the period of in the upward and downward simulations, respectively. RMS errors of 0.7 K and 0.5 K were found for the full diurnal 14-day period, while RMS errors of 0.9 and 0.4 were found for the time of greatest daily deviation (-1300 hours). However, model simulations from 5 cm to 0.5 cm and 0.5 cm to 5 cm (Figures 3c and 3d ) illustrate conditions which result in a more extreme 21 breakdown in model performance. In the upward simulation, the modeled temperature 22 underestimates the observation by as much as 10 K during midday, while in the downward 23 simulation the modeled temperature overestimates by as much as 6 K. RMS errors for the full 1 diurnal 14-day period are 3.4 K and 2.3 K respectively, while the RMS errors for the simulations 2 at1300hoursare6.9Kand4.1K. 3 These errors are due, in part, because one of the main assumptions of the Van Wijk 4 heatflow parameterization, that no heat is generated in the soil or converted into other forms of 5 energy, such as latent or sensible heat, is not valid -most of the time. This is especially the case at the surface or near-surface layers, when the difference between zo and zl is large, or other conditions where the soil heat flux may change significantly. A direct follow-on of this assumption would be that the ground heat flux remains constant with depth. We know that this is not true. Furthermore, it would then also follow that the average temperature for each soil layer is the same. Theoretically, this is true on an annual basis; however, it is probably not true on a daily or seasonal time scale. The differences in mean temperature between depths is not great, but will exist because the heating and cooling cycles, although gradual, occur at different rates within the profile during their respective seasons.
At the air-soil interface, the downward soil heat flux is approximately equal to the net radiation. This energy is then directed downward into the soil, at a rate that is dependent upon the ability of the soil to conduct heat. As this heat energy is directed downward, some is transformed and redirected upward, eventually exiting the soil in the form of latent and sensible 18 heat. For a schematic representation of these processes, see Figure 3 . Moreover, when the 19 incoming energy exceeds the soil's ability to conduct heat downward, the energy will be stored 20 temporarily and the soil temperature will increase. The relative distribution of these flux rates 21 within the soil is largely determined by the physical properties of the soil medium, e.g. soil 22 particle density, porosity, and especially soil moisture content. A simple ground heat flux parameterization is introduced to account for this redistribution of fluxes in the soil, and is discussed below.
Ground Heat Flux Formulation
The ground heat flux is calculated between every two consecutive soil temperature values in the vertical profile, using both the measured temperatures and the modeled temperatures As shown previously, model A is not able to describe the near surface temperature fluctuations during periods of high incoming radiation. Another drawback in applying model A is the need for a sufficient number of consecutive temperature measurements that are typically not available at satellite scales. For these reasons a new approach is proposed that is better able to describe the near surface temperatures. The first step consist of generalizing the shape of the instantaneous ground heat flux profile relative to net radiation and the ground heat flux at 5 cm.
In the second step, this modeled ground flux profile is used together with the moisture content of the profile to extrapolate the temperature fiom a single observation depth to a complete surface temperature profile. Because the instantaneous ground heat flux is modeled, no phase correction is needed, making this approach ideally suited for satellite applications that have limited temporal resolution.
,
As described in the previous section, the ground heat flux can be calculated between any two temperature measurements in the vertical profile. From the temperature observations from both the Phoenix and Wageningen field experiments it was found that the shape of the ground heat flux profile can be generalized relative to RN and an estimated ground heat flux at 5 cm below a certain depth, G continues to decrease only slowly with depth (see Figure 4 day). The shape of the ground heat flux profile can be described by an S-shaped function where a is the energy transition zone, defined as the depth at which G approaches the total heat flux in the soil, and is strongly related to the moisture content. In our data sets values of a are found between 2 and 5 cm. The parameters are chosen so that S is 1 at the surface and approaches 0 at z = a. The ground heat flux can then be expressed as:
( 1 1) where p is the ratio of GScmRN during the day. If the ratio Gscm/RN is unknown, it can be estimated at approximately -0.25. This is slightly less than the average value for the entire day of The depth of a determines the availability of water for evaporation. When soil moisture 6 is high, the available energy will leave the soil by means of evaporation in a relatively shallow 7 soil layer and a will be small. In a dry soil, evaporation will have to take place over a thicker 8 layer (larger a ) in order to create the same latent heat flux.
9
The relationship of a with moisture content is derived fiom the Phoenix data. The steps 10 for this procedure are outlined in Figure 5 . From the measured temperature profile (Figure 5a When the soil moisture content is less than 0.04 m m-, the latent heat flux component is extremely small, and results in a large scatter of the thickness of the energy transition zone (a).
For these conditions we set a to 4 cm. When this formula is applied to soil moisture depths other then 0.25 cm, best results are achieved when the soil moisture values are within the top centimeter of the soil.
Model B Simulation Results
19
The new approach is applied to the Phoenix field data, for the same period illustrated 20 previously in Section 4.2, using the average value of B for the entire 14-day experimental period 21 and the calibrated value of a . The 4-day time series of modeled temperatures is shown with both 22 the input observations as well as observations at the modeled depth ( Figure 7 ). The 5 cm to 2 cm 0.9 K for the full 14 day period. The RMS for the time of greatest daily deviation is 1.6 K, which is higher than the Model A results. However, the 5 cm to 0.5 cm and 0.5 cm to 5 cm simulations resulted in RMS errors of 1.5 K for the full period, which is a significant improvement over the original Model. Likewise, the RMS errors for the time of greatest daily deviation are significantly reduced to 2.4 K.
The performance of model B is compared to model A by calculating the RMS errors between measured and simulated temperatures at all modeled depths for which data is available. 
18
To validate the models, they are applied to the Wageningen data described in Section 3.
19 Eight 5-7 day periods are selected with little or no clouds and precipitation, representing a range 20 of soil moisture contents. In the validation of model B, the relationship as derived earlier for the 21 a parameter (Equation 14) was used. For the p ratio, the period average 1300 hour value of the 22 G2cJRn measurement is used, and varies between 0.25 and 0.35 over the 8 month experimental Table 1 shows the eight selected periods, with average water content, ratio, surface sensor depth, and RMS errors for models A and B. Model A again performs poorly with RMS errors for the period fiom 1.8 to 7.8 K, with highest values for the driest periods. Model B performs much better with RMS errors for the period in a more acceptable range fiom 1.0 to 2.6 K. Highest RMS values are again associated with the driest periods.
In remote sensing applications site specific /? ratios will most likely not be available and a constant value will be used. To test the effect of this simplification, the RMS error for model B is calculated using P = 0.25 as was suggested in Section 4.4. The results are listed in brackets in Table 1 . These values are only slightly different from the values with period specific average. This means that model B is not very sensitive to the B ratio and that a value of 0.25 may be used as a first approximation in global studies.
The diurnal time series for a wet 5 day period in May and a dry 7 day period in August are illustrated in Figure 9 for the 5 cm to 0.5 cm and 0.1 simulations. Both wet and dry time series of modeled temperatures are shown with both the input observations as well as observations at the modeled depth. The RMS error for the fbll wet period is 1.0 K and for the dry period 2.1 K. The RMS errors for the time of greatest daily deviation are also low with 0.8 K for the wet period and 3.0 K for the dry period.
The error profiles illustrate the comparative performance of the two models ( Figure 10 for the wet period, Figure 11 for the dry period). Overall, model B errors are significantly lower than those associated with model A. The lowest errors were achieved during wet conditions, and while dry conditions show slightly greater errors, they also show the most significant improvement in model performance. These results give confidence that the new model has validity in a different soil and for a time period that covers meteorological environments differing fi-om a wet spring to a dry summer and fall.
SUMMARY AND CONCLUSIONS
Two field data sets are used to investigate an approach to model instantaneous near-surface soil 
